Abstract: Highly transparent and luminescent CaMoO 4 :Eu 3+ /Ag composite films were fabricated on glass substrates as multifunctional antireflective (AR) coatings. The films were deposited through a combination of a sol-gel dip-coating technique and a hot water treatment. With the addition of an aluminum source in coating solutions, the sol-gel-derived films underwent a remarkable microstructural change during the hot water treatment due to the reaction between an amorphous alumina phase and water. This change brought both an antireflective effect (suppression of Fresnel reflection) and luminescence enhancement (suppression of total internal reflection) to the films. The introduction of Ag nanoparticles into the films further increased luminescence intensity without losing the antireflective effect.
Introduction
Solid-state luminescent materials (phosphors) are commonly composed of wide band-gap inorganic compounds, and hence do not absorb visible light. Thin-film phosphors are therefore optically transparent in the visible light region, as their microstructure is designed to have less light scattering. Transparent thin-film phosphors are used in various applications such as X-ray imaging devices [1] , spectral converters for photovoltaic devices [2] , light-emitting devices [3, 4] , and so on. A family of the tungstate and the molybdate compounds with a general formula of AMO 4 (A = Ca, Sr, Ba, and M = W, Mo) has attracted much attention for use as unique optical materials such as laser hosts, phosphors, and scintillators [5] [6] [7] . Among them, CaMoO 4 is interesting as a host crystal of rare-earth-activated phosphors because it has excellent thermal and optical properties [8] [9] [10] .
In general, the deposition of transparent thin films on flat substrates causes optical effects due to different refractive indices, and hence optical paths [11] . Fresnel reflection occurs at the air/film interface, where the reflectance depends directly on the refractive index of thin films. When applying CaMoO 4 to thin-film phosphors, its high refractive index (1.98-2.00) [10, 12] gives the reflectance of approximately 11% at the film surface against the incident light. The light emitted from thin-film phosphors is also influenced by reflection, which has already been a major problem in light-emitting semiconductor devices [13] . That is, the emitted light propagating in high-refractive-index thin films undergoes total internal reflection (the so-called waveguide mode). A large part of the emitted light is then trapped in thin films, and is not well extracted from the surface to the air. In the case of CaMoO 4 , the critical angle for total reflection is 30.2 • , and only 6.8% of the emitted light can be extracted.
The design of film structures to diminish unnecessary reflection is key for achieving high luminescence intensity in thin-film phosphors. Relevant structures are similar to those of antireflective (AR) coatings. Moth-eye mimicking structures have been successfully employed as AR coatings in optical devices including solar cells [14, 15] and light-emitting diodes [16, 17] . Multifunctional moth-eye type coatings have also been developed for thermochromic/hydrophobic smart window applications [18] . A sol-gel method is promising for fabricating moth-eye type AR coatings. For example, alumina-based AR coatings were prepared on glass or polymer substrates by the combination of the sol-gel dip-coating method and the hot water treatment [19] [20] [21] . The surface morphology of dip-coated alumina films was changed by the hot water treatment to give a flowerlike structure consisting of nanocrystals. The resultant alumina films were demonstrated to work as moth-eye-type AR coatings. This method could be applied to the fabrication of luminescent AR coatings in our previous study [22] . A similar sol-gel coating was also made on thermochromic VO 2 films to enhance optical transmittance [23] .
In the present work, we introduced a nanocomposite structure in which silver nanoparticles were dispersed in a phosphor matrix consisting of crystalline CaMoO 4 :Eu 3+ and amorphous alumina to create luminescent AR coatings. Silver nanoparticles were expected to enhance luminescence due to the surface plasmon resonance (SPR) effect [24] and/or the light scattering effect. Amorphous alumina was necessary to modulate the film morphology by the hot water treatment. The obtained CaMoO 4 :Eu 3+ /Ag coatings exhibited better luminescence properties than Ag-free CaMoO 4 :Eu 3+ coatings without losing the AR property.
Materials and Methods
Four kinds of thin films (Film-A1, B1, C1, and D1) were fabricated by the sol-gel method. A standard solution for coating was prepared as follows. 0.143 mmol of (NH 4 ) 6 polyethylene glycol (PEG10000, Merck, Tokyo, Japan) and 2.5 mL of deionized water were added to the solution, followed by stirring for 1 h at room temperature. The resultant transparent solution was dip-coated on a silica glass substrate 1 mm in thickness (Monotech, Saitama, Japan) at a withdrawal speed of 0.4 mm s −1 . The coated substrate was dried at 90 • C for 15 min using a drying oven and then annealed at 700 • C for 1 h in air using a muffle furnace. The coating, drying, and annealing procedures were repeated two additional times to obtain Film-A1.
In the next experiment, 0.05 mmol of AgNO 3 (99.8%, Wako) was added to the above standard solution at the time of addition of PEG10000 and deionized water. The resultant solution was coated on the silica glass substrate in the same way to obtain Film-B1. It should be mentioned that the amount of AgNO 3 had been optimized in terms of the film microstructure. An excess amount (for example, 0.10 mmol) of AgNO 3 led to the formation of a porous thin film.
In Film-C1 and D1, silver colloid nanoparticles which were prepared by the methods described in the literature [25, 26] were introduced to the film fabrication process. AgNO 3 (9 mg) was dissolved in 49 mL of deionized water under vigorous stirring at a temperature of 90 • C. Then, 1 mL of a 38.8 mM aqueous solution of trisodium citrate (99.0%, Wako, prepared separately) was added to the AgNO 3 solution kept at 90 • C. The resultant solution was reacted at 90 • C under refluxing and vigorous stirring for 90 min, followed by cooling naturally to room temperature. A silver colloidal solution was obtained after removing larger silver particles precipitated in the solution by centrifuging at 500 rpm for 30 min. Finally, a volume of the silver colloidal solution was adjusted to 50 mL by adding deionized water.
In preparing a coating solution for Film-C1, 2.5 mL of deionized water was replaced with the same volume of the silver colloidal solution at the time of addition of PEG10000 and deionized water in the above standard solution. Film-D1 was fabricated by combining the procedures for Film-B1 and C1. That is, 0.05 mmol of AgNO 3 was added to the coating solution of Film-C1 at the time of addition of PEG10000 and the silver colloidal solution. The coating, drying, and annealing procedures for Film-C1 and D1 were the same as those for Film-A1.
The hot water treatment for the above-obtained film samples was carried out by immersing Film-A1, B1, C1, or D1 in 10 mL of deionized water at 80 • C for 30 min. The treated film samples were washed with deionized water and acetone and dried at room temperature to obtain, in sequence, Film-A2, B2, C2, or D2.
Crystal structures of the samples obtained were identified by an X-ray diffraction (XRD) analysis with a D8-02 diffractometer (Bruker AXS, Yokohama, Japan) using CuKα radiation. Optical transmission and absorption spectra of the samples were recorded with a V-670 ultraviolet (UV)-visible spectrophotometer (JASCO, Hachioji, Japan). Photoluminescence (PL) spectra of the samples were measured at room temperature with an FP-6500 spectrofluorophotometer (JASCO) using a xenon lamp (150 W) as a light source. The film samples were mounted directly on the attachment in the PL measurement. A filter was used to remove a second-order peak of the excitation light. The microstructure of the samples was observed by field emission scanning electron microscopy (FESEM) with an S-4700 microscope (Hitachi, Tokyo, Japan). Transmission electron microscopy (TEM) was also carried out to observe the silver colloid nanoparticles with a TECNAI F20 microscope (Philips/FEI, Hillsboro, OR, USA). Figure 1a shows XRD patterns of Film-A1 (before the hot water treatment) and A2 (after the hot water treatment). The respective patterns have a broad amorphous halo at 2θ = 22 • , coming from the silica glass substrate. Small peaks appearing at 2θ = 28.8 • in both patterns correspond to the strongest (112) peak in the powder pattern of the tetragonal CaMoO 4 phase (ICDD 029-0351). To further confirm the crystallization of CaMoO 4 , the coating solution for Film-A1 was dried at 60 • C for 3 days and then annealed at 700 • C for 3 h in air (denoted as Powder-A1). The XRD pattern of Powder-A1 (Supplementary Materials, Figure S1 ) clearly shows diffraction peaks, all of which are assigned to the tetragonal CaMoO 4 phase. The annealing temperature of 700 • C is therefore enough for the crystallization of CaMoO 4 . Additionally, no peaks due to aluminum-containing compounds were seen in the XRD pattern of Powder-A1, although the solution contained a considerable amount of Al(NO 3 ) 3 ·9H 2 O. This result coincides with that reported previously for the aluminum-added YVO 4 :Bi 3+ , Eu 3+ films and powders [22] . That is, the heat treatment of the solution containing all the metal sources led to the crystallization of YVO 4 :Bi 3+ , Eu 3+ , and simultaneously, the formation of amorphous Al 2 O 3 . As such, the phase separation is crucial for the morphological change of the samples by the hot water treatment.
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The hot water treatment for the above-obtained film samples was carried out by immersing Film-A1, B1, C1, or D1 in 10 mL of deionized water at 80 °C for 30 min. The treated film samples were washed with deionized water and acetone and dried at room temperature to obtain, in sequence, Film-A2, B2, C2, or D2.
Crystal structures of the samples obtained were identified by an X-ray diffraction (XRD) analysis with a D8-02 diffractometer (Bruker AXS, Yokohama, Japan) using CuKα radiation. Optical transmission and absorption spectra of the samples were recorded with a V-670 ultraviolet (UV)-visible spectrophotometer (JASCO, Hachioji, Japan). Photoluminescence (PL) spectra of the samples were measured at room temperature with an FP-6500 spectrofluorophotometer (JASCO) using a xenon lamp (150 W) as a light source. The film samples were mounted directly on the attachment in the PL measurement. A filter was used to remove a second-order peak of the excitation light. The microstructure of the samples was observed by field emission scanning electron microscopy (FESEM) with an S-4700 microscope (Hitachi, Tokyo, Japan). Transmission electron microscopy (TEM) was also carried out to observe the silver colloid nanoparticles with a TECNAI F20 microscope (Philips/FEI, Hillsboro, OR, USA). Figure 1a shows XRD patterns of Film-A1 (before the hot water treatment) and A2 (after the hot water treatment). The respective patterns have a broad amorphous halo at 2θ = 22°, coming from the silica glass substrate. Small peaks appearing at 2θ = 28.8° in both patterns correspond to the strongest (112) peak in the powder pattern of the tetragonal CaMoO4 phase (ICDD 029-0351). To further confirm the crystallization of CaMoO4, the coating solution for Film-A1 was dried at 60 °C for 3 days and then annealed at 700 °C for 3 h in air (denoted as Powder-A1). The XRD pattern of Powder-A1 (Supplementary Materials, Figure S1 ) clearly shows diffraction peaks, all of which are assigned to the tetragonal CaMoO4 phase. The annealing temperature of 700 °C is therefore enough for the crystallization of CaMoO4. Additionally, no peaks due to aluminum-containing compounds were seen in the XRD pattern of Powder-A1, although the solution contained a considerable amount of Al(NO3)3•9H2O. This result coincides with that reported previously for the aluminum-added YVO4:Bi 3+ , Eu 3+ films and powders [22] . That is, the heat treatment of the solution containing all the metal sources led to the crystallization of YVO4:Bi 3+ , Eu 3+ , and simultaneously, the formation of amorphous Al2O3. As such, the phase separation is crucial for the morphological change of the samples by the hot water treatment. It appears that the XRD pattern is not much changed for Film-A2 after the hot water treatment. In contrast, the XRD pattern of Powder-A2, which was obtained by immersing 0.05 g of Powder-A1 in 10 mL of deionized water at 80 °C for 1 h, had higher background noise ( Figure S1 ). This is probably due to the partial fragmentation of particles consisting of crystalline CaMoO4 and amorphous Al2O3 during the hot water treatment. The effect of the hot water treatment will be discussed later in detail.
Results and Discussion
Effect of Hot Water Treatment
The optical properties of Film-A1 and A2 were evaluated to see the effect of the hot water treatment. Figure 1b shows the optical transmission spectra of Film-A1 and A2, together with that of the silica glass substrate as a reference. Film-A1 has more than 80% transmittance in the visible light region due to its microstructure with a flat surface and a uniform thickness, as shown later. The optical absorption of CaMoO4 is associated with the O 2− -Mo 6+ charge transfer (CT) transition within the MoO4 units [5] . The apparent energy gap between the O 2p valence band and the Mo 4d conduction band is reportedly located in the range of 4.28-4.86 eV, depending on the sample preparation condition [8] . A sudden decrease in the transmittance of Film-A1 is therefore caused by the CT absorption of CaMoO4, which also supports its crystallization in the thin film. After the hot water treatment, Film-A2 exhibits an AR effect with enhanced transmittance. As a comparative study, thin-film samples were prepared from the standard coating solution, from which Al(NO3)3•9H2O was eliminated, similarly to Film-A1 and A2. According to the XRD analysis, the resultant films were crystallized as CaMoO4. However, the transmittance spectra were not much changed before and after the hot water treatment ( Figure S2 ), thereby indicating of the effectiveness of the aluminum addition to the film samples.
Another important issue is whether the observed AR effect is due to the homogeneously increased porosity or the gradually changed density of the film. We then investigated an angular dependence of the optical transmittance of Film-A1 and A2. Figure S3 shows results for p-polarized and s-polarized light with five incidence angles between 0° and 60°. Transmittance of Film-A1 for p-polarized light increases with increasing the incidence angle up to 45°, which is attributed to a decrease in the reflectance of p-polarized light up to the Brewster's angle. In contrast, the transmittance spectra of Film-A2 are almost independent of incidence angle for p-polarized light. For s-polarized light, Film-A1 shows a large decrease of the transmittance with increasing incidence angle, indicative of the increased reflection. Film-A2 keeps higher transmittance against the varied incidence angle. This smaller angular dependence of transmittance is a typical feature of films having a graded refractive index.
PL excitation and emission spectra of Film-A1 and A2 are shown in Figure 1c . Upon excitation at a wavelength of 260 nm, Film-A1 and A2 exhibit characteristic line emissions in the red region. These emissions are ascribed to electronic transitions in Eu 3+ ions. When doped in the CaMoO4 host crystal, Eu 3+ would occupy the Ca 2+ site surrounded by eight oxygens. Although the CaO8 units have two different Ca-O distances (0.2459 and 0.2471 nm) [27] , the Ca 2+ site in pure CaMoO4 reportedly has inversion symmetry [28] . The Eu 3+ ions located in the site with inversion symmetry would give only a weak emission due to the magnetic-dipole 5 D0-7 F1 transition at around 591 nm [29] . However, It appears that the XRD pattern is not much changed for Film-A2 after the hot water treatment. In contrast, the XRD pattern of Powder-A2, which was obtained by immersing 0.05 g of Powder-A1 in 10 mL of deionized water at 80 • C for 1 h, had higher background noise ( Figure S1 ). This is probably due to the partial fragmentation of particles consisting of crystalline CaMoO 4 and amorphous Al 2 O 3 during the hot water treatment. The effect of the hot water treatment will be discussed later in detail.
The optical properties of Film-A1 and A2 were evaluated to see the effect of the hot water treatment. Figure 1b shows the optical transmission spectra of Film-A1 and A2, together with that of the silica glass substrate as a reference. Film-A1 has more than 80% transmittance in the visible light region due to its microstructure with a flat surface and a uniform thickness, as shown later. The optical absorption of CaMoO 4 is associated with the O 2− -Mo 6+ charge transfer (CT) transition within the MoO 4 units [5] . The apparent energy gap between the O 2p valence band and the Mo 4d conduction band is reportedly located in the range of 4.28-4.86 eV, depending on the sample preparation condition [8] . A sudden decrease in the transmittance of Film-A1 is therefore caused by the CT absorption of CaMoO 4 , which also supports its crystallization in the thin film. After the hot water treatment, Film-A2 exhibits an AR effect with enhanced transmittance. As a comparative study, thin-film samples were prepared from the standard coating solution, from which Al(NO 3 ) 3 ·9H 2 O was eliminated, similarly to Film-A1 and A2. According to the XRD analysis, the resultant films were crystallized as CaMoO 4 . However, the transmittance spectra were not much changed before and after the hot water treatment ( Figure S2 ), thereby indicating of the effectiveness of the aluminum addition to the film samples.
Another important issue is whether the observed AR effect is due to the homogeneously increased porosity or the gradually changed density of the film. We then investigated an angular dependence of the optical transmittance of Film-A1 and A2. Figure S3 shows results for p-polarized and s-polarized light with five incidence angles between 0 • and 60 • . Transmittance of Film-A1 for p-polarized light increases with increasing the incidence angle up to 45 • , which is attributed to a decrease in the reflectance of p-polarized light up to the Brewster's angle. In contrast, the transmittance spectra of Film-A2 are almost independent of incidence angle for p-polarized light. For s-polarized light, Film-A1 shows a large decrease of the transmittance with increasing incidence angle, indicative of the increased reflection. Film-A2 keeps higher transmittance against the varied incidence angle. This smaller angular dependence of transmittance is a typical feature of films having a graded refractive index.
PL excitation and emission spectra of Film-A1 and A2 are shown in Figure 1c . Upon excitation at a wavelength of 260 nm, Film-A1 and A2 exhibit characteristic line emissions in the red region. These emissions are ascribed to electronic transitions in Eu 3+ ions. When doped in the CaMoO 4 host crystal, Eu 3+ would occupy the Ca 2+ site surrounded by eight oxygens. Although the CaO 8 units have two different Ca-O distances (0.2459 and 0.2471 nm) [27] , the Ca 2+ site in pure CaMoO 4 reportedly has inversion symmetry [28] . The Eu 3+ ions located in the site with inversion symmetry would give only a weak emission due to the magnetic-dipole 5 D 0 -7 F 1 transition at around 591 nm [29] . However, the emission at 616 nm-attributed to the forced electric-dipole 5 D 0 -7 F 2 transition-is much stronger than the other emissions in the present film samples, as seen in Figure 1c . This result may imply that the Eu 3+ ions are located in the site without inversion symmetry. A similar phenomenon has been observed in many CaMoO 4 :Eu 3+ samples, as reported in the literature [9, 28, 30] . One possible explanation for this discrepancy is given by considering the polarizability effect of the MoO 4 units on the EuO 8 units [28] . That is, the extent of the polarizability around the Eu 3+ ions in the EuO 8 It is also clearly seen from Figure 1c that the PL intensity of Film-A2 is higher than that of Film-A1. Because the amount of the luminescent CaMoO 4 :Eu 3+ phase in the film sample is not increased by the mere hot water treatment at 80 • C for 30 min, the enhanced PL property of Film-A2 should be related to the change in the optical property, as seen in Figure 1b . That is, the AR effect against the external, incident light also works on the internal, emitted light. The efficiency of light extraction from the film surface is improved in this case.
Effect of Silver Addition
The silver colloid nanoparticles used for fabricating Film-C1 and D1 are characterized first. Figure 2a ,b shows an XRD pattern and a TEM image, respectively, of the nanoparticles. A broad amorphous halo at 2θ = 22 • in Figure 2a is due to the glass holder for the XRD measurement. The appearance of a peak at 2θ = 38.1 • clearly indicates the formation of silver (XRD; ICDD 04-0783). An average particle size of silver is 50 nm as seen in Figure 2b . An absorption spectrum of the silver colloidal solution-which was diluted four times-indicates the occurrence of SPR, as shown in Figure 2c . The absorption wavelength due to SPR of silver depends on the size of the nanoparticles [31] . The observed absorption wavelengths-peaking at 450 nm-correspond to the size of 50-60 nm in the size-wavelength relationship for SPR of silver. The silver colloid nanoparticles are well dispersed in water (as seen in Figure 2d ), which is due to the presence of the citrate ions working as the capping agent [26] .
Coatings 2017, 7, 74 the emission at 616 nm-attributed to the forced electric-dipole 5 D0-7 F2 transition-is much stronger than the other emissions in the present film samples, as seen in Figure 1c . This result may imply that the Eu 3+ ions are located in the site without inversion symmetry. A similar phenomenon has been observed in many CaMoO4:Eu 3+ samples, as reported in the literature [9, 28, 30] . One possible explanation for this discrepancy is given by considering the polarizability effect of the MoO4 units on the EuO8 units [28] . That is, the extent of the polarizability around the Eu 3+ ions in the EuO8 units is increased by the neighboring MoO4 units in CaMoO4:Eu 3+ . This changes the crystal field of EuO8, and hence the transition probability of the Eu 3+ ions. The PL excitation spectra have a broad band ranging between approximately 200 and 300 nm. This band results from the overlapping of the O 2− -Mo 6+ and the O 2− -Eu 3+ CT transition.
It is also clearly seen from Figure 1c that the PL intensity of Film-A2 is higher than that of Film-A1. Because the amount of the luminescent CaMoO4:Eu 3+ phase in the film sample is not increased by the mere hot water treatment at 80 °C for 30 min, the enhanced PL property of Film-A2 should be related to the change in the optical property, as seen in Figure 1b . That is, the AR effect against the external, incident light also works on the internal, emitted light. The efficiency of light extraction from the film surface is improved in this case.
The silver colloid nanoparticles used for fabricating Film-C1 and D1 are characterized first. Figure 2a ,b shows an XRD pattern and a TEM image, respectively, of the nanoparticles. A broad amorphous halo at 2θ = 22° in Figure 2a is due to the glass holder for the XRD measurement. The appearance of a peak at 2θ = 38.1° clearly indicates the formation of silver (XRD; ICDD 04-0783). An average particle size of silver is 50 nm as seen in Figure 2b . An absorption spectrum of the silver colloidal solution-which was diluted four times-indicates the occurrence of SPR, as shown in Figure 2c . The absorption wavelength due to SPR of silver depends on the size of the nanoparticles [31] . The observed absorption wavelengths-peaking at 450 nm-correspond to the size of 50-60 nm in the size-wavelength relationship for SPR of silver. The silver colloid nanoparticles are well dispersed in water (as seen in Figure 2d ), which is due to the presence of the citrate ions working as the capping agent [26] . Figure 3a compares XRD patterns of Film-A1, B1, C1, and D1. The appearance of the (112) peak at 2θ = 28.8 • in all patterns confirms the crystallization of the CaMoO 4 phase in these films. The addition of silver in Film-B1, C1, and D1 did not seem to influence the crystallization behavior. This was further examined with powders obtained by drying the respective coating solutions at 60 • C for 3 days and annealing at 700 • C for 3 h in air (denoted as Powder-B1, C1, and D1). In fact, the crystallization of CaMoO 4 is not influenced by the silver addition, as indicated by the similar XRD patterns in Figure  S4 . The presence of silver could also be confirmed by the appearance of the small (111) peak of Ag in Powder-C1 and D1 derived from the solutions containing the silver colloid nanoparticles.
After the hot water treatment, Film-B2, C2, and D2 still have the (112) peak of the CaMoO 4 phase in the XRD pattern, similarly to Film-A2 in Figure 3b . The silver addition does not greatly influence the crystalline state of the films during the hot water treatment.
Coatings 2017, 7, 74 Figure 3a compares XRD patterns of Film-A1, B1, C1, and D1. The appearance of the (112) peak at 2θ = 28.8° in all patterns confirms the crystallization of the CaMoO4 phase in these films. The addition of silver in Film-B1, C1, and D1 did not seem to influence the crystallization behavior. This was further examined with powders obtained by drying the respective coating solutions at 60 °C for 3 days and annealing at 700 °C for 3 h in air (denoted as Powder-B1, C1, and D1). In fact, the crystallization of CaMoO4 is not influenced by the silver addition, as indicated by the similar XRD patterns in Figure S4 . The presence of silver could also be confirmed by the appearance of the small (111) peak of Ag in Powder-C1 and D1 derived from the solutions containing the silver colloid nanoparticles.
After the hot water treatment, Film-B2, C2, and D2 still have the (112) peak of the CaMoO4 phase in the XRD pattern, similarly to Film-A2 in Figure 3b . The silver addition does not greatly influence the crystalline state of the films during the hot water treatment. (Figure 4 ). From the cross-section images, the film thickness was observed to be 270 (Film-A1), 280 (B1), 300 (C1), and 230 nm (D1). In Film-D1, tiny precipitates approximately 50 nm in size were also observed as white spots on the film surface. Together with the XRD results of the powders, the precipitates are thought to be the silver nanoparticles contained in the coating solution.
After the hot water treatment, the surface morphology was drastically changed to disordered nanostructures in all the films ( Figure 5 ). Because the CaMoO4 phase does not react with water, the observed change was brought by the reaction between the amorphous aluminum-containing compounds and water promoted at the temperature of 80 °C. This phenomenon has been known to occur in the sol-gel-derived alumina gel films through the dissolution-reprecipitation process [19] [20] [21] . In the composite films consisting of the aluminum-containing compounds and the other crystalline phase, the former undergo the reaction to give the morphological change to the entire films. Following this change, the film thickness was increased to 620 (Film-A2), 680 (B2), 540 (C2), and 500 nm (D2). In the depth direction, the reaction seemed to be limited to the film surface and the region near the film/substrate interface was not much changed. This would generate a continuous decrease in the film density and accordingly the refractive index towards the surface, which could explain the abovementioned AR effect in Film-A2 as shown in Figure 1b . Morphology of the films is shown in Figure 4 andFigure 5 as surface and cross-section FESEM images. The films before the hot water treatment had a flat and smooth surface and a uniform thickness (Figure 4 ). From the cross-section images, the film thickness was observed to be 270 (Film-A1), 280 (B1), 300 (C1), and 230 nm (D1). In Film-D1, tiny precipitates approximately 50 nm in size were also observed as white spots on the film surface. Together with the XRD results of the powders, the precipitates are thought to be the silver nanoparticles contained in the coating solution.
After the hot water treatment, the surface morphology was drastically changed to disordered nanostructures in all the films ( Figure 5 ). Because the CaMoO 4 phase does not react with water, the observed change was brought by the reaction between the amorphous aluminum-containing compounds and water promoted at the temperature of 80 • C. This phenomenon has been known to occur in the sol-gel-derived alumina gel films through the dissolution-reprecipitation process [19] [20] [21] . In the composite films consisting of the aluminum-containing compounds and the other crystalline phase, the former undergo the reaction to give the morphological change to the entire films. Following this change, the film thickness was increased to 620 (Film-A2), 680 (B2), 540 (C2), and 500 nm (D2). In the depth direction, the reaction seemed to be limited to the film surface and the region near the film/substrate interface was not much changed. This would generate a continuous decrease in the film density and accordingly the refractive index towards the surface, which could explain the above-mentioned AR effect in Film-A2 as shown in Figure 1b . Figure 6a shows optical transmission spectra of Film-B1, C1, and D1, together with those of Film-A1 and the silica glass substrate. Film-B1 and C1 have more than 80% transmittance in the visible light region. They also exhibit an interference pattern due to the high refractive index of the films. Because of the composite structure, the actual refractive index of the films should be between 2.00 (crystalline CaMoO4) [10, 12] and 1.645 (amorphous Al2O3) [32] . A larger decrease of the transmittance of Film-D1 was caused by the SPR absorption and/or the light scattering by the silver nanoparticles. It was confirmed that the transmittance increases and the interference disappears in the films after the hot water treatment (Film-B2, C2, and D2 in Figure 6b ). It is also noticed that the transmittance of Film-C2 and D2-which originate from the solutions containing the silver colloid nanoparticles-was lower than that of Film-A2 and B2 in the shorter wavelength range. The SPR absorption and/or the light scattering by the silver nanoparticles may become obvious in Film-C2 and survive in Film-D2 after the hot water treatment. Figure 7 shows PL excitation and emission spectra of Film-A2, B2, C2, and D2. The spectral structure of both the excitation and the emission spectra was not changed for Film-B2, C2, and D2, as compared to Film-A2. Therefore, the silver addition did not disturb the electronic transitions of the Eu 3+ ions doped in the CaMoO4 phase. The PL intensity of Film-B2 was almost the same as that of Film-A2. This indicates that the addition of AgNO3 to the coating solution was not effective in changing the optical properties (the transmission in Figure 6b and the emission in Figure 7b ) of the finally obtained film. In contrast, the PL intensity was enhanced slightly in Film-C2 (10% increase), and remarkably in Film-D2 (50% increase). Because the transmittance of the films in the emission wavelength region around 616 nm is not very different, the PL enhancement is considered to be due to the SPR effect on the emission and/or the light scattering effect on the excitation. The SPR effect is Figure 6a shows optical transmission spectra of Film-B1, C1, and D1, together with those of Film-A1 and the silica glass substrate. Film-B1 and C1 have more than 80% transmittance in the visible light region. They also exhibit an interference pattern due to the high refractive index of the films. Because of the composite structure, the actual refractive index of the films should be between 2.00 (crystalline CaMoO4) [10, 12] and 1.645 (amorphous Al2O3) [32] . A larger decrease of the transmittance of Film-D1 was caused by the SPR absorption and/or the light scattering by the silver nanoparticles. It was confirmed that the transmittance increases and the interference disappears in the films after the hot water treatment (Film-B2, C2, and D2 in Figure 6b ). It is also noticed that the transmittance of Film-C2 and D2-which originate from the solutions containing the silver colloid nanoparticles-was lower than that of Film-A2 and B2 in the shorter wavelength range. The SPR absorption and/or the light scattering by the silver nanoparticles may become obvious in Film-C2 and survive in Film-D2 after the hot water treatment. Figure 7 shows PL excitation and emission spectra of Film-A2, B2, C2, and D2. The spectral structure of both the excitation and the emission spectra was not changed for Film-B2, C2, and D2, as compared to Film-A2. Therefore, the silver addition did not disturb the electronic transitions of the Eu 3+ ions doped in the CaMoO4 phase. The PL intensity of Film-B2 was almost the same as that of Film-A2. This indicates that the addition of AgNO3 to the coating solution was not effective in changing the optical properties (the transmission in Figure 6b and the emission in Figure 7b ) of the finally obtained film. In contrast, the PL intensity was enhanced slightly in Film-C2 (10% increase), and remarkably in Film-D2 (50% increase). Because the transmittance of the films in the emission wavelength region around 616 nm is not very different, the PL enhancement is considered to be due to the SPR effect on the emission and/or the light scattering effect on the excitation. The SPR effect is Figure 6a shows optical transmission spectra of Film-B1, C1, and D1, together with those of Film-A1 and the silica glass substrate. Film-B1 and C1 have more than 80% transmittance in the visible light region. They also exhibit an interference pattern due to the high refractive index of the films. Because of the composite structure, the actual refractive index of the films should be between 2.00 (crystalline CaMoO 4 ) [10, 12] and 1.645 (amorphous Al 2 O 3 ) [32] . A larger decrease of the transmittance of Film-D1 was caused by the SPR absorption and/or the light scattering by the silver nanoparticles. It was confirmed that the transmittance increases and the interference disappears in the films after the hot water treatment (Film-B2, C2, and D2 in Figure 6b ). It is also noticed that the transmittance of Film-C2 and D2-which originate from the solutions containing the silver colloid nanoparticles-was lower than that of Film-A2 and B2 in the shorter wavelength range. The SPR absorption and/or the light scattering by the silver nanoparticles may become obvious in Film-C2 and survive in Film-D2 after the hot water treatment. Figure 7 shows PL excitation and emission spectra of Film-A2, B2, C2, and D2. The spectral structure of both the excitation and the emission spectra was not changed for Film-B2, C2, and D2, as compared to Film-A2. Therefore, the silver addition did not disturb the electronic transitions of the Eu 3+ ions doped in the CaMoO 4 phase. The PL intensity of Film-B2 was almost the same as that of Film-A2. This indicates that the addition of AgNO 3 to the coating solution was not effective in changing the optical properties (the transmission in Figure 6b and the emission in Figure 7b ) of the finally obtained film. In contrast, the PL intensity was enhanced slightly in Film-C2 (10% increase), and remarkably in Film-D2 (50% increase). Because the transmittance of the films in the emission wavelength region around 616 nm is not very different, the PL enhancement is considered to be due to the SPR effect on the emission and/or the light scattering effect on the excitation. The SPR effect is based on the energy transfer from the silver nanoparticles to the Eu 3+ ions or the local field enhancement around the silver nanoparticles and the Eu 3+ ions [24, 33] , leading to the increase in the PL intensity. It is necessary to perform the time-resolved PL measurement to ensure the SPR effect, which is our next subject. The light scattering effect is related to Rayleigh scattering of the excitation light by the silver nanoparticles inside the films, which may increase the opportunity for the excitation. Although it is not clear which effect is dominant, the introduction of the silver nanoparticles has been demonstrated to be beneficial for fabricating highly transparent luminescent coatings.
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